Dental implants are used to retain and support fixed and removable dental prostheses. In many clinical situations, local bone morphology requires dental implants that have a diameter that is significantly smaller than the typical implant diameters. In these cases, the fatigue life of the smaller diameter implants becomes a critical therapeutic parameter. However, this fatigue life depends on the implant itself, on the physical properties of the bone, as well as on other morphological characteristics that are patient dependent. In other words, this fatigue life varies greatly with each newly placed implant, but the capability to predict the fatigue life of dental implants does not exist today.
Introduction
In the past 25 years dental implants emerged as a popular and feasible treatment option for patients needing removable prostheses and have revolutionized the dental treatment of edentulous patients [1, 2, 3, 4, 5] . The success of an implant placement depends on a variety of factors that are specific to either the implant itself (e.g., design, material, and manufacturing process), the patient, or the actual procedure used to place the implant. In a typical case, standard sized implants whose diameters range between 3.75-4.1mm are placed in the bone, which is followed by the osseointegration of the implant (the so called "healing period"), and by the attachment of the final prosthesis to the newly placed implant(s). Though, in many clinical situations, the bone volume may be insufficient to support a standard sized implant, and this lack of bone volume usually appears in the form of a narrow atrophic edentulous ridge of the bone. In these cases, a smaller sized diameter implant, as that illustrated in Figure 1 , may intuitively be used. Indeed, some clinicians have reported successful treatment with 2.0mm diameter implants supporting fixed prostheses in atrophic or compromised osseous sites. However, the decrease in the implant diameter may have serious implications on the functionality of the implant due to the higher stresses and lower fatigue life developed by mastication. Proprietary data of implant manufacturers suggests that there may be sufficient fatigue life of these smaller implants so that they can be used to support fixed dental prostheses, at least under the tested loading conditions (cyclic bidirectional forces of relatively low value, with the abutment attached, and the dental implant mounted in an acrylic resin). However, their tests cannot be used to estimate the fatigue life of these implants for other loading conditions or designs, since it is obvious that the fatigue life of a bone mounted dental implant will vary with both the magnitude and orientation of the applied force. Furthermore, it appears that there has been no extramural cyclic load testing of these implants. Without a doubt, the knowledge of the expected functional life of an implant is a critical therapeutic parameter for prosthetic longevity. Such a knowledge requires fatigue tests in order to measure the fatigue life of the implant. However, these tests are not only time consuming, but also relatively expensive to be performed frequently. One alternative is to develop computer models whose predictions correlate well with the test results, and replace physical testing with computer based fatigue life prediction.
The fatigue life of an implant depends on both the implant itself, on the physical properties of the bone as well as on other morphological characteristics that are patient dependent, which explains why this fatigue life varies greatly with each newly placed implant. However, the capability to predict the fatigue life of a newly placed implant is currently nonexistent. In this study we take the first steps towards developing such a capability by developing a cost effective device that allows a range of loading conditions, and can accurately measure the fatigue life of a dental implant that can be either rigidly or bone mounted (in vitro). Our device was used to test an initial sample of nine dental implants having a 2.0mm diameter subjected to a unidirectional cyclic load at 200N, but the same device can be used to test implants of other diameters, either rigidly or bone mounted, and under different loading conditions. Furthermore, we also describe a finite element based model for rigidly mounted implants whose fatigue life predictions correlate well with our initial measurements. Consequently, such a computer model can be used to predict the fatigue life of other implants without requiring additional physical testing. At the same time, such a model can be used in the design of dental implants for improved fatigue life.
Design of the Measurement Device
Our device was designed to apply a cyclic unidirectional force in the range of 200 to 300 N to the implant, which is the average lateral force in the anterior section of the human jaws, at a rate of 1-6 cycles per second. However, these ranges can be easily modified with simple design changes. The cyclic applied force was selected based on the real loading conditions during mastication, and was applied in the lateral direction since this is the component of the masticatory force that contributes to fatigue failure. A load cell connected to a commercial data acquisition software [6] was used to record the force data and the cycle data.
The key design objectives were to obtain a design that is as cost efficient as possible, both in terms of manufacturing as well as operation, that can perform the fatigue testing accurately, and automatically without compromise in safety. Many different design configurations have been considered for the testing machine. In the end, the best compromise between accuracy, cost, and complexity proved to be the motor and crank assembly configuration, which is shown both as a solid model and as a final manufactured device in Figure 2 . In this configuration, an induction motor and speed reducer were used to rotate a crank, which is attached to an arm. This arm moves a slider attached to a guide rail. The rotary motion of the crank is transformed into linear motion through the slide and guide rail.
The motion of the slider is transferred to the implant through a compression spring. The spring is contracted and expanded as the slider moves in and out, cyclically loading the implant. The spring is located in the guide cylinder, and is in contact with the force transducer that also contacts the plunger. The plunger applies the external load to the implant. The spring prevents the impact loading of the implant, which would distort the measured data. Both the guide rail and guide cylinder are fixed in place. The crank consists of a circular disk welded to a shaft. An adjustable slot in the crank provides the means to adjust the compression of the spring, and therefore of the force applied on the implant. As the attachment of the link arm moves away from the center of the motor shaft, the output force increases and the total displacement increases. This adjustment allows flexibility in the later calibration and measurements. The slider serves as the mechanism to transform the rotary motion of the motor into the desired linear motion. A linear ball bearing is used to connect the slider to the guide rail. Because the implant is threaded with a self-tapping thread, no hole could be threaded to secure the implant throughout the testing. Thus, a clamp was custom made to hold the implant securely, and the clamp was attached to a custom designed base. This clamp was positioned on a compound slide table that allowed the adjustment of the implant position in the plane of the force.
A load cell, capable of measuring up to 500 lbs, was used to record the applied forces of the force, and calibrated to accurately record the magnitude of the force. The forces measured by the load cell, connected to LabView through an SCXI chassis. Once the implant fails, a series of relays would shut the motor off and LabVIEW would save the data. The spring, load cell and plunger are shown in Figure 2 (b). The spring used for these tests had a spring constant of 35 lb/in. The total displacement necessary to obtain the 200 N force is approximately 1.25 inches. The outer diameter of the spring in .710 inches and the overall length is 5.5 inches. The load cell had an outer diameter of .75 inches and a load capacity of 500 lbs. To protect the load cell wires from rubbing against the cylinder and fraying, a load cell holder was manufactured to hole the load cell during testing.
The motor rotates the crank, which forces the link arm to linearly translate on the guide rail, and forces the push rod against the spring. The spring applies the cyclic loading on the load cell and the implant ( Figure 3 ). The load cell feeds information to the data acquisition system (DAQ), which sends the information to the central processing unit (CPU). Once the load cell reads a voltage that corresponds to a low force (i.e., after the implant failure), the CPU sends a signal to the switch to turn off the motor.
A block diagram of the final design and the wiring diagram for the electrical setup on the machine are shown in Figure 4 . The induction motor used to rotate the crank was wired in a circuit that includes a switch, a variable transformer, a fuse, and two relays. The variable transformer allowed the control of the rotational speed of the motor. A 20 amp fuse was incorporated into the circuit for safety reasons. The two relays are used to control the stopping of the motor through LabVIEW. When the testing begins, LabVIEW sends a direct current (DC) voltage to the DC relay, closing the circuit. This allows for the alternating current (AC) relay, with 12 VDC operating voltage, to close. The AC voltage is now allowed to flow through the AC relay, starting the motor. As the testing continues, the DC relay is closed as long as the range of the force from the load cell is above a preset value. Once the load cell reads a range lower than this value, the DC voltage supply will discontinue and the DC relay will close the circuit to the AC relay, shutting off the motor. A low force corresponds to an implant failure, so the measurements and data acquisition are terminated. Originally, we used a rotary encoder to measure the number of cycles the implant undergoes during testing. However, to simplify the electrical and LabVIEW setup, the load cell was used to determine the number of cycle measurements. The signal output by the load cell is also used to find the frequency of the motor crank. Data from the load cell can show how many cycles per second the motor rotates.
The selected motor was a 1.5 hp motor with a NEMA 56 C frame to mate with the speed reducer. The frame style is a totally enclosed fan cooled (TEFC), which has an external fan blowing over the motor to keep it cool. The motor is a capacitor start/run style motor with 115 volt power source, giving a high starting torque. A speed reducer was used to reduce the rotational speed of the shaft from the original 1750 RPM to one that was within a frequency range that would allow us to complete the fatigue tests in a timely manner and control the dynamic response of the system. The selected speed reducer decreases the 1750 RPM to 350 RPM, and hence has a 5:1 reduction. This resulted in a frequency of approximately 6 Hz, which is the highest frequency in our chosen frequency range that was available with commercial gear reducers. The output torque the motor produces is 3174 (Ncm) (281 lb-in), which is sufficient to generate the required forces.
Measurement Results
The calibrated fatigue testing machine was used to test nine titanium implants having a 2.0mm diameter, at a temperature of 20 o C until failure. The destructive character of the experimental testing and the high cost of the test samples (in our case dental implants) restricted the number of implants that have been tested to a relatively small test sample. However, this sample is sufficient to establish the capability of our testing machine in comparison with other published experimental results from similar tests as well as with our own analytical model discussed in section 3. Clearly, a larger test sample would be needed to establish "production level" S-N curves and a complete characterization of fatigue life of dental implants. Importantly, the accurate yet inexpensive device presented in this paper can provide the means to automatically perform cyclic failure tests for each such test sample. Consequently, this information could be used to improve the design of dental implants that would maximize their fatigue life.
Two of the implants that we tested had been previously subjected to autoclaving, which effec-tively changed the metallic structure and the mechanical properties of the implants 1 . One such example is shown in Figure 5 (a) where one can observe the purplish color of the implant. The load average remained constant until the implant failed catastrophically, when the load range decreases significantly. It is at this point that the computer outputs a signal to the relay network to shut off the motor. The number of cycles until failure measured by our device is shown in Figure 6 . As evident from the data, the implants failed at a wide variety of cycles. Even though all implants were subjected to identical loading conditions before failure, and even though all the failures occurred at the junction of the implant collar and screw threads as predicted by the computer simulation discussed in Section 3, the autoclaved implants failed much sooner than the original implants that had not been subjected to the thermal gradient. This indicates that the standard autoclaving process that is being used routinely in dental practices can significantly decrease the fatigue life of dental implants which should be an important consideration for practicing dentists.
All implants failed at the junction of the implant collar and beginning of the threads where the practically rigid collet was holding the implant, which allowed us to measure the fatigue life of the implant itself. The fatigue testing performed by the manufacturer of the implants that we tested (IntraLock) show a higher number of cycles to failure that what we measured, but their testing conditions were different than ours. First, their implant specimens were retained in an acrylic base that may have allowed some movement of the implant as well as dissipation of some of the applied energy into the acrylic base. Second, their testing setup applied a bidirectional cyclic force on the implant. Third the abutment was attached to the implant with a special paste that is used in clinical situations, but the abutment and the paste may have also dissipated some of the energy generated by the applied forces.
A microscopic view of the failed region of the implant is shown in Figure 6 (b). The entire surface of the failed cross section is typically referred to as a rapid fracture area. In fatigue testing, the fractured surface may exhibit a pattern of rings or undulations called beach marks which indicate an advancement of a failing crack front. However, the implants tested did not exhibit this phenomenon, indicating a catastrophic, rapid failure due to the cyclic stress.
Finite Element Model for Fatigue Life Prediction of Dental Implants
As already mentioned above, a computer model that correlates to the physical tests can predict the fatigue life of implants, possibly having different geometry, without requiring additional physical testing. Therefore these predictions can be obtained not only much faster than the physical tests, but, more importantly, without requiring their additional cost. The implant is experiencing stresses far below its yield stress within the assumed load ranges, and therefore we assume that all deformations are elastic, and that the fatigue failure is estimated using the stress based approach, as discussed below. These approaches are based on stress amplitude compared to number of cycles (S-N) curves that have been established experimentally for a given material. To describe these curves analytically, a number of (material) parameters must be introduced, which are defined as:
The transition fatigue life (TFL) value expresses the number of cycles until failure that separates strain dominated failure from stress dominated failure, and we denote it with the usual N t . Strain dominated failure is also known as low cycle fatigue, while the stress dominated failure is known as high cycle fatigue [7] . To determine whether the failure of the implant falls into the strain or stress dominated failure we evaluated the transition fatigue life using material properties of common titanium alloys:
Equation (1) outputs TFL values ranging from 350.9 to 384.6 cycles for the available material properties. Since our implants are expected to last a number of cycles that is orders of magnitude larger than the range resulting from equation (1), the implants can be considered to experience high cycle fatigue, which requires a stress based fatigue analysis approach.
There are several stress based approaches proposed in the literature, and all these approaches use the effective stress amplitude and effective mean stress given by [7] :
These quantities are combined into an equivalent, completely reversed, uniaxial stress. Several methods have been developed for this value including the Goodman, Morrow, Gerber, and SWT (Smith-Watson-Topper) [7] : Goodman :
This step is necessary since material properties obtained experimentally have a mean stress of zero, which is not the case in our model. Finally the expected implant life can be estimated using the following correlations for an S-N curve.
Each equation in (3) will result in different estimates of σ ar , and hence in different S-N curves that will provide multiple estimates of fatigue life. Here we used the experimental data that we collected during our physical measurements to study the fatigue life estimated by each of the four methods outlined by equations (3).
Finite Element Modeling
In order to run a finite element analysis to obtain the parameters needed to estimate the fatigue life, we constructed a solid model of the implant. Since the implant dimensions specified by the manufacturer were not available, we followed a simple three step process to create the solid model by reconstructing the geometry of the original implant. First we obtained a digitized image of the implant, which was then converted into a binary image in Matlab. Boundary points of the implant were extracted from the binary image and were used to construct the solid model of the implant. These dimensions were then used to create a faithful solid model of the implant in a commercial solid modeler.
Mesh convergence studies were run to determine the optimal mesh size. However, creating a uniform mesh of the implant geometry with this optimal mesh size resulted in a very large model, which significantly increased the analysis time. Consequently, we used an adaptive mesh size that was optimal around the areas of interest where the implant collar meets the threads (Figure 7(b) ), and larger everywhere else (with an average size of 0.08mm). The maximum Von Mises stress was computed for each element (Figure 7(c) ) in ABAQUS.
The boundary conditions used in our simulation mimicked the testing conditions described in section 2, and a load of 200N was applied normal to the planar surface of the implant shown in Figure 7 (a). The maximum Von Mises stress (Figure 8(a) ) occurred at the junction of the implant collar and the start of the threads of the implant, with a value of 705 MPa. The location of this maximal stress agrees with the recent FEA results [8] . The FEA analysis results were used to produce S-N curves using the four different methods described above. The maximum Von Mises stress, shown with solid horizontal line in Figure 8(b) , was then used in conjunction with the S-N curves to produce an estimate for fatigue life.
A logarithmic plot of the S-N curve is shown in Figure 8(b) . This graph shows that the Goodman and SWT methods give the most conservative estimates of fatigue life. The Gerber correlation is the least conservative, and therefore was omitted. At 705 MPa the Goodman method predicts failure at 401,000 cycles, the Morrow method predicts failure at 1,634,000 cycles, while the prediction of the Gerber method is around 5 million cycles, and the SWT's prediction is 365,000 cycles.
As with the data obtained, the four different methods produce results that differ greatly. The Morrow method accurately predicted the failure for the implants that failed after 1 million cycles, but the Goodman and SWT method are more accurate for the implants that did not last 1 million cycles. A conservative estimate may be obtained by using the Goodman method, which closely approximates the average number of cycles to failure found for the nine implants of 533,000 cycles. For a more aggressive approach, the Morrow method may be most appropriate. Clearly, opting for one of these approaches will require a statistically significant sample of
Conclusions
One study has shown that full-dentition adults can apply a maximum force on their teeth ranging from 244 -1243 Newtons with an average of 720 N [9] . This force vector applied to the tooth is in both the axial direction and the lateral direction. The lateral, off-axial, forces applied in a cyclic fashion from masticatory patterns and parafunction may fatigue the implant, causing it to fracture. Studies have also shown that a young adult male applies a level 3 force (a force that is 3/4 the magnitude of the subjects maximum biting force) at an average of 325 times in a 24 hour period. These numbers for an adult female were found to be 439 times during meal times and 453 times a day [10] . Adult males apply greater maximum biting forces than women, meaning an implant should have a better chance of failing in a male patient [11] . With knowledge of the magnitude of the applied forces and the numbers of chewing cycles a human applies each day, the fatigue test may allow a prediction for the life of an implant or the number of years until failure.
The fatigue failure occurs due to propagating microscopic cracks in the material that appear due to a variety of factors, such as material imperfections, internal stresses, or externally applied loads. The initial cracks tend to propagate under the effect of external loading, and particularly when the loading is cyclic. The rate at which these cracks propagate has a direct influence on the fatigue life of the material: the faster the crack propagates, the sooner the part will fail. Unlike static loading failure, where small scratches or tool marks have little effects, cyclic loading failure is influenced greatly by these small imperfections.
In this paper we presented the design of a simple and cost effective test stand for measuring fatigue of small parts such as dental implants subjected to unidirectional cyclic loading. Clearly, small design changes can be made to accommodate other types of loading (such as bi-directional) and with magnitudes outside of the ranges that were used in this design. Our device can apply a cyclic load from 0-300 N at a rate of 1-6 Hz, and can be used for measuring the fatigue life of a variety of dental implants. The motor and crank assembly configuration provided the flexibility and simplicity while maintaining the associated costs under control. Furthermore, a finite element analysis (FEA) analysis was performed on a faithful geometric model of the implant in order to numerically predict the fatigue life. The Goodman method of S-N curves closely approximated the average life expectancy of our experimental data.
The destructive character of the experimental testing and the high cost of the test samples (in our case dental implants) restricted the number of implants that have been tested to a relatively small test sample. However, this sample is sufficient to establish the capability of our testing device in comparison with other published experimental results from similar tests as well as with our own analytical model discussed in this paper. The nine failed implants show the typical range of fatigue life values that can be obtained even for implants having identical nominal geometry. We found the fatigue life of the tested implants varied significantly, as expected, and the maximum fatigue life exceeded 1.6 million cycles, while the minimum fatigue life (of possibly heat damaged implants) just passed 10,000 cycles. Based on our observations, the thermal damage of two of the implants generated by the autoclaving process, and the fact that the same implants have previously been bone implanted and removed account for most the low fatigue life of these two tested implants. Broadly speaking, there are a number of other factors that can contribute to such a variation, including material defects and internal stresses induced by the implant manufacturing process. Our study implies that more implants should be tested to provide a statistically significant sample, and that additional testing and simulation of implants secured in natural or artificial bone as well as rigid mounting should be considered.
The predictions of our finite element-based model correlated well to our initial experimental results that we obtained for the implants that had not been heat-damaged, and consistently predicted the location of the failure for the implants. This suggests that the finite element models can be used as reasonable predictors of the actual fatigue life of the dental implants, i.e., predictions that do not account for the effect of the environment in which the implant is placed. At the same time, the finite element model can enhance our understanding of how different design variables of these implants influence their fatigue life, for example by performing a sensitivity analysis for the design variables. But more importantly, our work provides the platform that can be used for additional testing of implants mounted not only rigidly, but also directly in bone, and under various loading conditions. Such tests are needed to extend the finite element model to include the behavior of the bone itself and its influence on the fatigue life of dental implants. Note that if the bone is taken into consideration, the horizontal component of the force will still be the only one inducing fatigue failures in the implant, but the vertical component will induce additional failure modes, particularly in the bone. 
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